We have investigated the effects of isoflurane on receptor-operated Ca 2; channels (ROC) in vascular smooth muscle. In isolated rat thoracic aortic rings denuded of endothelium, the effects of isoflurane on phenylephrine-induced contraction and Ca 2; influx were evaluated in the presence of supramaximal doses of nifedipine or verapamil. Under isometric tension recording, the aortic rings were precontracted by phenylephrine 300 nmol litre 91 and exposed to 1.2%, 2.3% or 3.5% isoflurane. Phenylephrine-induced precontraction was enhanced with 2.3% isoflurane by mean 8.1 (SD 9.3) % (P:0.05 vs 0% isoflurane). The constrictor effect of 2.3% isoflurane was not inhibited by depletion of intracellular Ca 2; stores with ryanodine 20 mol litre
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Summary
We have investigated the effects of isoflurane on receptor-operated Ca 2; channels (ROC) in vascular smooth muscle. In isolated rat thoracic aortic rings denuded of endothelium, the effects of isoflurane on phenylephrine-induced contraction and Ca 2; influx were evaluated in the presence of supramaximal doses of nifedipine or verapamil. Under isometric tension recording, the aortic rings were precontracted by phenylephrine 300 nmol litre 91 and exposed to 1.2%, 2.3% or 3.5% isoflurane. Phenylephrine-induced precontraction was enhanced with 2.3% isoflurane by mean 8.1 (SD 9.3) % (P:0.05 vs 0% isoflurane). The constrictor effect of 2.3% isoflurane was not inhibited by depletion of intracellular Ca 2; stores with ryanodine 20 mol litre
91
, but was abolished in a Ca 2; -free solution or by SK&F 96365 30 mol litre
, an ROC blocker. Isofluraneinduced contraction was accompanied by increased intracellular free Ca 2; concentration, monitored using fura PE3. Unidirectional 45 Ca 2; influx measurement in phenylephrine-stimulated aortic strips revealed that the mean amount of Ca 2; influx was significantly (P:0.05) enhanced by 1.2% and 2.3% isoflurane, which were 117.1% and 119.7% of control values, respectively. Our results strongly suggest that isoflurane enhanced Ca 2; influx through ROC that had been submaximally activated by phenylephrine. (Br. J. Anaesth. 1998; 81: 578-583).
Keywords: anaesthetics volatile, isoflurane; sympathetic nervous system, phenylephrine; ions, calcium; ions, ion channels; muscle vascular pharmacology; rat Halogenated volatile anaesthetics, including halothane, enflurane and isoflurane, modulate vascular contractility via a variety of mechanisms. These anaesthetics have been suggested to reduce Ca 2; influx into vascular smooth muscle cells because electrophysiological studies have shown that they suppress the activity of voltage-operated Ca 2; channels. [1] [2] [3] However, little information is available on the effect of anaesthetics on receptor-operated Ca 2; channels (ROC), the other pathways of Ca 2; influx. The presence of ROC was first postulated in a review by Bolton, 4 who described them as voltageinsensitive Ca 2;
-conducting channels in smooth muscle cells activated by receptor agonists such as norepinephrine (noradrenaline), acetylcholine or prostaglandins. It has also been shown that ROC are resistant to blockers of voltage-operated Ca 2; channels (VOC) such as nifedipine, verapamil or D600. [5] [6] [7] [8] [9] Although their electrophysiological properties and molecular structures are not yet established, it is clear that they are important pathways of Ca 2; influx in addition to VOC 10 11 and hence may play a key role in physiological vascular contraction.
Therefore, we attempted to elucidate the effect of isoflurane on ROC in vascular smooth muscle. Rat thoracic aorta was denuded of endothelium to eliminate its effect on smooth muscle contractility and pretreated with supramaximal doses of VOC blockers to exclude the effect of VOC which are sensitive to anaesthetics. Rings were stimulated with a submaximal dose of phenylephrine, an adrenergic ␣ 1 receptor agonist to activate smooth muscle cell ROC. In this preparation, we estimated the effects of isoflurane by recording tension and intracellular free Ca 2; concentration ([Ca . We suggest that isoflurane enhances Ca 2; influx through ROC.
Materials and methods

TISSUE PREPARATION
The study was approved by the Kyoto University Animal Use Committee. Male Wistar rats (250-350 g) were anaesthetized with pentobarbital (pentobarbitone) 50 mg kg 91 i.p. and killed by exsanguination. The descending part of the thoracic aorta was isolated and cut into rings, 5-6 mm for tension recording, 2 mm for [Ca The aortic rings were mounted vertically in organ baths (37ЊC) containing 10 ml of Krebs-Ringer solution (KRS) aerated with a 95% oxygen-5% carbon dioxide gas mixture. Isometric tension was recorded with a force displacement transducer (San-ei, Tokyo, Japan). The rings were allowed to equilibrate for 60 min under a resting tension of 3 g, followed by contraction induced by adding KCl into the bath. When precontraction by phenylephrine was stabilized (15-20 min after addition), isoflurane vaporized with an Isotec3 (Ohmeda, England) was introduced to the 95% oxygen-5% carbon dioxide gas mixture supplied to the bath and maintained for 15 min. The concentration of isoflurane in the gas was monitored with an Atom 303 anaesthetic agent monitor (Atom, Tokyo, Japan) and adjusted to either 0% (control), 1.2%, 2.3% or 3.5%, which are the 0, 1, 2 and 3 minimum alveolar concentrations (MAC) in humans, 12 respectively. We used MAC for humans as an arbitrary unit of concentration of isoflurane. MAC for isoflurane in rats determined in a previous study was 1.27. 13 In our previous study, 14 a concentration of 2.3% isoflurane in the bath solution was assayed by gas chromatography and reached a stable level at mean 0.56 (SEM 0.00) mmol litre 91 (n:3) within 3-5 min after introduction to the gas line. The increase in tension induced by phenylephrine just before introduction of isoflurane was taken as 100%, and the effect of isoflurane was expressed as change in tension 10 min after introduction of isoflurane in each ring.
In some rings, experimental conditions were modified to control Ca 2; movements in smooth muscle. To deplete intracellular Ca 2; stores, we used ryanodine, a plant alkaloid that locks the Ca stores. 15 While norepinephrine-sensitive Ca 2; stores may contain ryanodine-insensitive portions in other cell types, 15 in the rat aorta it has been shown to be depleted also by ryanodine. 5 16 Thus this treatment should lead to complete or near complete depletion of intracellular Ca 2; stores. Nifedipine-treated rings were exposed to ryanodine 20 mol litre 91 and then to caffeine 25 mmol litre . After 5-10 min, the rings were precontracted with phenylephrine 300 nmol litre 91 and exposed to 0% (control) or 2.3% isoflurane. In other experiments, Ca 2; influx was excluded either by removing extracellular Ca 2; or by using an ROC blocker. To remove extracellular Ca 2; , the rings were incubated for 10 min in Ca , an ROC blocker in vascular smooth muscles, 11 17 was included in the bath solution during the pretreatment period with nifedipine, followed by application of phenylephrine and isoflurane as above. -sensitive fluorescent dye, fura PE3, a derivative of fura 2 with a lower rate of leak from inside the cell. 18 The rings were bathed in KRS containing fura PE3-AM 1 mol litre
91
, a cell-permeant acetoxymethyl ester of fura PE3, and 0.02% vol/vol Cremophor EL, a non-cytotoxic detergent, for 4-6 h at 25ЊC. After rinsing, the rings were mounted horizontally in an organ bath (37ЊC) containing KRS 7 ml aerated with a 95% oxygen-5% carbon dioxide gas mixture. Isometric tension was recorded with a force-displacement transducer (San-ei, Tokyo, Japan) and fluorescence intensity was monitored using a dual wavelength fluorometer (CAF-110, Japan Spectroscopic, Tokyo, Japan) as described previously.
14 The rings were illuminated alternately with excitation light at wavelengths of 340 nm and 380 nm. The fluorescence emitted was detected through a 500-nm bandpass filter. Fluorescence intensities at 340 nm (F 340 ) and 380 nm (F 380 ) excitation corresponded to the amount of Ca -free fura PE3, respectively. Therefore, the F 340 /F 380 ratio was used as an indicator of [Ca ] i . The rings were allowed to equilibrate for 60 min under a resting tension of 1 g, followed by contraction induced by KCl 30 mmol litre 91 and an acetylcholine test (10 mol litre 91 ). The rings were then incubated for 10 min in KRS containing verapamil 10 mol litre 91 which was a supramaximal dose for blocking VOC in rat aorta in a previous 45 Ca 2; influx study 19 in addition to our previous KCl-contraction study. Verapamil was used in this experiment because nifedipine interfered with the excitation light for fura PE3. The rings were then precontracted with phenylephrine 300 nmol litre 91 . After 10 min, 2.3% isoflurane was introduced and maintained for 15 min. Isoflurane was vaporized and delivered as described above. The increase in tension and F 340 /F 380 ratio induced by phenylephrine just before introduction of isoflurane were taken as 100%, and the effects of isoflurane were expressed as percentage change in tension and F 340 /F 380 value, 10 min after introduction of isoflurane. . The strips were then blotted, weighed and incubated overnight in 1. -labelled HBS without phenylephrine for each concentration of isoflurane.
SOLUTIONS AND DRUGS
The Krebs-Ringer solution had the following composition (mmol litre 
STATISTICAL ANALYSIS
All data are presented as mean (SD); n represents the number of rings examined in each group. Rings from an animal were assigned to different groups, and therefore each group did not contain rings from the same animal. When single doses (2.3%) were tested, the effects of isoflurane were compared with control (0%) using Student's t test. When multiple doses of isoflurane were tested, data were analysed by one-way factorial ANOVA. If the F test indicated significance (P:0.05), the effect of each dose of isoflurane was compared with control using Fisher's PLSD test for post hoc comparison. Differences at P:0.05 were considered significant.
Results
EFFECT OF ISOFLURANE ON PHENYLEPHRINE-INDUCED
CONTRACTION
Phenylephrine induced sustained contraction (0.93 (0.44) g, n:48) which was not different between groups for each concentration of isoflurane. After administration of 1.2% or 2.3% isoflurane, an additional contraction developed slowly, which was sustained during isoflurane delivery and disappeared after its termination ( fig. 1A, B) . However, contraction induced by 3.5% isoflurane was transient and was followed by relaxation to a varying extent ( fig. 1c) . At 10 min after administration of 2.3% isoflurane, a maximal contraction was elicited (8.1 (9.3) %, n:12), which was significantly larger (P:0.05) than that in controls (92.4 (6.8) %, n:12). Contraction by isoflurane was not linearly doserelated because contraction with 3.5% isoflurane was smaller than that with 2.3% ( fig. 1D ). In the following experiments, the effects of isoflurane were examined at 2.3% which elicited the maximal response.
When rings were treated with ryanodine combined with caffeine, a slow increase in tension was observed ( fig. 2 ), which may have been caused by liberation of Ca 2; from sarcoplasmic reticulum 5 16 or enhanced Ca 2; influx. 16 Phenylephrine induced further contraction of the ring (0.18 (0.06) g, n:14), which was not different between control rings and rings treated with 2.3% isoflurane ( fig. 2) . Contraction produced by phenylephrine in such circumstances should be mediated by influx of Ca , not by Ca 2; release. 16 The change in tension induced by 2.3% isoflurane was 13.8 (23.9) % (n:7), which was significantly larger (P:0.01) than that in controls (924.0 (21.6) %, n:7).
In Ca 2;
-free KRS containing EGTA 1 mmol litre 91 , phenylephrine-induced contraction was small and only transient, returning to resting tension within 5-7 min (fig. 3A) . Subsequent exposure to 2.3% isoflurane for 10 min did not change the tension in any ring examined (n:8) (fig. 3A) . In the presence of the ROC blocker SK&F 96365, phenylephrine- Figure 1 Tension changes in rat aortic rings during exposure to isoflurane after treatment with nifedipine 10 mol litre 91 and phenylephrine 300 nmol litre 91 . Typical recordings with 1.2% (A), 2.3% (B) and 3.5% (C) isoflurane (Iso) are shown. Isoflurane (1.2% and 2.3%) increased contraction during delivery of isoflurane and contraction disappeared after its termination (A, B). Contraction induced by 3.5% isoflurane was transient and followed by relaxation (C). The effects of 10 min exposure to isoflurane on tension (D), with the increase in tension induced by phenylephrine taken as 100% is also shown. Isoflurane 2.3% elicited a significantly larger contraction (*P:0.05) than control.
induced contraction was similar to that in Ca 2; -free solution, that is reduced in size and transient ( fig. 3B) ] i during exposure to isoflurane were similar to those of contraction; sustained and reversible. Ten minutes after introduction, 2.3% isoflurane increased tension by 25.3 (13.2) % (n:6), which was significantly larger (P:0.05) than the increase in the control group (7.11 (8.0) %, n:9). In addition, the F 340 /F 380 ratio was increased with isoflurane by 34.9 (32.7) % (n:6), which was significantly larger (P:0.05) than that in the control (96.1 (11.2) %, n:9).
In the control group (0% isoflurane), phenylephrinestimulated strips showed significantly larger Ca 2;
influx than strips not stimulated with phenylephrine (P:0.01) ( fig. 5 ). In phenylephrine-stimulated groups, Ca 2; influx in groups exposed to 1.2% and 2.3% isoflurane were larger than in controls (P:0.05) (fig. 5 ). Increasing the concentration of isoflurane to 3.5% did not enhance Ca 2; influx further. In strips not stimulated with phenylephrine, isoflurane had no significant effect on Ca 2; influx at any concentration.
Discussion
In this study, rat aortic rings were denuded of endothelium and exposed to supramaximal doses of VOC blockers, nifedipine or verapamil, throughout the experiments. In these rings, submaximal stimulation of the ␣ 1 receptor by pheylephrine caused sustained contraction and an increase in [Ca ] i . Isoflurane 2.3% enhanced these phenylephrine-induced responses. The constrictor effects of isoflurane were not abolished by Ca 2; store depletion caused by ryanodine and caffeine, but were abolished by removal of extracellular Ca 2; and by SK&F 96365. These results suggest that the constrictor effects were not a result of Ca 2; release from intracellular stores, but influx of In the literature, release of stored Ca 2; has been the most commonly suggested mechanism for volatile anaesthetic-induced, endothelium-independent vasoconstriction. 14 22-24 Indeed, in verapamil-exposed rat 25 and rabbit 22 aortae, enhancement of norepinephrine-induced contraction by isoflurane has been demonstrated and ascribed to isoflurane-induced Ca 2; release. However, Ca 2; release induced by isoflurane has been shown to be much smaller than that induced by halothane or enflurane 26 27 or even undetectable. 14 23 Ryanodine, which effectively blocked anaesthetic-induced Ca 2; release in previous studies, 14 22-24 failed to inhibit isoflurane-induced contraction in our study, suggesting that contraction was not dependent on intracellular Ca 2; stores. It does not necessarily exclude the possibility of a minor contribution of Ca 2; release evoked by isoflurane. However, as contraction was undetectable in Ca 2; -free and SK&F 96365-containing solutions, it can be suggested that Ca 2; release by isoflurane is small, if present. In addition, it is unlikely that Ca 2; release by isoflurane itself stimulated Ca 2; influx to replete stores, which has been suggested in airway smooth muscle for halothane. 28 If this mechanism were prominent, isoflurane should have significantly increased Ca 2; influx even without phenylephrine in 45 Ca 2; experiments and the presence of phenylephrine would not have enhanced this process.
Previous studies using an established cell line of rat aortic smooth muscle cells (A7r5) failed to show activation of receptor-mediated Ca 2; influx by volatile anaesthetics. [29] [30] [31] In these studies, VOC blockers were not used, assuming that VOC did not contribute to receptor-mediated Ca 2; influx in the A7r5 cell. However, because the A7r5 cell has a dihydropyridine-sensitive VOC, 32 it is possible that the activity of VOC may have modulated Ca 2; influx in these studies. In contrast, Iaizzo 33 and Akata and Boyle 27 have suggested that isoflurane or halothane induce Ca 2; influx in A10 smooth muscle cell and rat mesenteric artery, respectively. However, as these studies were not designed to study Ca 2; influx, direct evidence of increased Ca 2; influx and characterization of the influx pathway are lacking. Thus our study is the first to provide direct evidence for stimulation of -permeable non-selective cation channels activated by norepinephrine 35 or endothelin-1 36 and Ca 2; influx activated by depletion of intracellular Ca 2; stores 37 38 which is often called "capacitative Ca 2; entry". Recently, at least two different Ca 2; influx pathways were demonstrated in A7r5 cells, one of which may depend on the capacitative mechanism. 38 In this study, we could not define the pathway activated by isoflurane as selective blockers to differentiate these pathways are not yet available. Electrophysiological studies using a patchclamp technique are necessary for further analysis of the isoflurane-activated channel.
In both tension recording and 45 Ca 2; influx experiments, the effects of isoflurane were not linearly concentration-dependent, showing maximal effects at a concentration of 2.3%. Without phenylephrine, isoflurane itself could not induce significant Ca 2; influx in the 45 Ca 2; influx experiments. In addition, in our preliminary tension recording experiment, isoflurane did not induce contraction if the rings were not precontracted with phenylephrine (data not shown). These results suggest that isoflurane alone cannot activate Ca 2; influx sufficiently to induce contraction but can enhance Ca 2; influx that has been activated by phenylephrine. Further characterization of the isoflurane-activated channel would help to explain these properties of isoflurane.
In summary, this study strongly suggests that isoflurane enhanced stimulation of ROC by phenylephrine in rat aorta. This is a novel finding that could contribute to the understanding of regulation of vascular contractility caused by volatile anaesthetic. It is possible that this effect counteracts other vasodilating mechanisms of isoflurane, contributing to maintenance of vascular tone during anaesthesia.
